Accurately quantifying the capacity of sewer inlets (such as manhole lids and gullies) to transfer water is important for many hydraulic flood modelling tools. The large range of inlet types and grate designs used in practice makes the representation of flow through and around such inlets challenging. This study uses a physical scale model to quantify flow conditions through a circular inlet during shallow steady state surface flow conditions. Ten different inlet grate designs have been tested over a range of surface flow depths. The resulting datasets have been used (i) to quantify weir and orifice discharge coefficients for commonly used flood modelling surface-sewer linking equations and (ii) to validate a 2D finite difference model in terms of simulated water depths around the inlet. Calibrated weir and orifice coefficients were observed to be in the range 0.115-0.372 and 0.349-2.038, respectively, and a relationship with grate geometrical parameters was observed. The results show an agreement between experimentally observed and numerically modelled flow depths but with larger discrepancies at higher flow exchange rates. Despite some discrepancies, the results provide improved confidence regarding the reliability of the numerical method to model surface to sewer flow under steady state hydraulic conditions. Key words | discharge coefficients, experimental modelling, numerical modelling, surface to sewer flow exchange, urban flooding their geometrical complexity such linking structures are conventionally represented using weir and orifice equations within urban flood models (Djordjević et al. ; 564
INTRODUCTION
Current climatic trends mean that the frequency and magnitude of urban flooding events is forecast to increase in the future (Hammond et al. ) leading to increased damage in terms of loss of business, livelihoods plus increased inconvenience for citizens (Ten Veldhuis & Clemens ). These potential impacts underline the importance of accurate modelling tools to determine flow paths within and between overland surfaces and sewer/drainage systems. Existing urban flood models commonly utilise the 1D Saint-Venant and 2D Shallow Water Equations (SWE) to calculate flows within sewer pipes and on the surface (overland flow) (Martins et al. b) . However, modelers are also faced with the concern of how to correctly reproduce the hydraulic behaviour around and within complex and variable hydraulic structures such as manholes and gullies which are used to connect the surface system to the sewer system. Unless the inlet is blocked or the sewer is surcharged, these structures allow water to be drained from the surface. An inaccurate representation of inlet capacity can lead to incorrect prediction of flow volumes, velocities and depths on the surface (Xia et al. ) , as well as in the sewer pipes. Due to Chen et al. ; Leandro et al. ; Martins et al. a) .
However, due to a paucity of datasets, the robust calibration and validation of such linking methodologies is lacking. In particular, the determination of appropriate discharge coefficients for such linking equations over a range of hydraulic conditions and inlet types is required.
Experimental studies investigating surface-sewer flow For each grate opening type the total area of empty space (A e ) and total effective edge perimeter length (P v ) were obtained from the AutoCAD drawings prior to fabrication (Table 1) . Autocad drawings are included as supplementary data (available with the online version of this paper).
Hydraulic conditions
For each grate inlet displayed in Figure 3 , eight tests have been completed over a range of surface inflows (Q 1 ) between 4 and 10 l/s set using the upstream valve (V 1 ). This is equivalent to a unit width discharge (q 1 ¼ Q 1 /B) between 1 and 2.5 l/s. To ensure reliable depth and flow rate quantification for each test, flows were left to stabilise for 5 minutes before flow rates and depths were recorded.
Each reported depth/flow measurement is a temporal average of 3 minutes of recorded data after flow stabilisation, such that full convergence of measured parameters is achieved.
In all cases, a flat weir was used as the downstream floodplain boundary, and free surface flow was maintained in the pipe system. Table 2 . Full (non-averaged) datasets from flow meters Q 1 , Q 3 and transducers (P 0 , P 1 , P 2 , P 3 , P 4 , P 5 , P 6 ) are presented as supplementary data (Table S1 ) to this paper. 
Discharge coefficients
Within flood modelling applications the weir (1) and orifice
(2) equations are commonly defined as the following (Rubinato et al. a) :
where D m is the diameter of the (circular) inlet (m), H is the driving hydraulic head above the interface point accounting for both sewer and surface flows (m). C w is the weir discharge coefficient.
where A m is the open area of the inlet and C o is the orifice coefficient. In cases where the sewer is not surcharged, the hydraulic head (H ) is assumed to be equal to the surface flow depth.
To calibrate discharge coefficients for each grate type,
Equations (2) and (3) were modified to account for the total length of the weir within each grate design (taken as equal to P v ) and total open area (taken as equal to A e ).
The flow depth is taken as the measured upstream value (h s ). 
In Equations (5) convergence analysis suggested the use of a convergence (depth) threshold-error no bigger than 10 À4 and no less than 10 À6 . The initial discharge condition is taken to be the unit width surface inflow q 1 and a measured velocity profile is used to set water depth at the eastern ( and C ). This may be due to the increased likelihood of grates with small effective perimeters to become 'drowned'. However, the effect is relatively subtle and in some cases the difference in R 2 values is negligible even between designs with large or small effective perimeter values (e.g., grate
types A and H ). 
Numerical results

